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INTRODUCTION
Ternary alloys represent a relatively large and 
undeveloped field of metallography. The experimental work 
involved is no more difficult than that necessary for 
investigation of binary alloys, but the larger volume of 
experimental work required in the investigation of ternary 
alloy systems involves so much expense and time that 
comparatively little work has been done along this line.
The rapid progress being made in all branches of 
industry today demand more and more from the metallurgical 
profession in the way of new and better alloys, closer 
control of physical properties, etc. It is believed that 
eventually, a detailed study and investigation of various 
ternary alloy systems will lead to the discovery and 
development of a vast field of commercially important 
alloys.
This investigation was conducted for the purpose 
of shedding some light on the changes which take place 
below the liquidus planes in a ternary alloy, the shape 
and location of the solidus, and the microstructure of the 
ternary alloys themselves. It is hoped that this work 
will be of some value to future investigators along these 
lines, and that it may arouse sufficient interest to 
warrant further investigation by research metallurgists in 
the future.
EXPERIMENTAL PROCEDURE
This investigation was conducted in the 
metallography laboratory of the Colorado School of Mines 
at Golden, Colorado.
A multiple unit, typw 80, 110 volt, 5.55 amp., 
electric furnace was used for melting the alloys. A Leeds 
and Northrup potentiometer was used for temperature 
recording, together with a Chroiael-Alumel thermocouple.
The potentiometer was driven by a 110 volt, direct-current 
motor, and included 250 ohms resistance in the series 
circuit, and 1200 ohms resistance in the gap circuit. The 
potentiometer wiring diagram is shown in Figure 1.
No thermocouple protection tubes of any kind were 
used in this investigation, the hot junction of the 
thermocouple being inserted directly into the molten metal. 
By this arrangement, there was effected an almost 
instantaneous response to small temperature changes, and 
because of the relatively low temperatures attained 
throughout this investigation, there was practically no 
corrosion of the thermocouple, Capillary tubing, made of 
porcelain, was used to insulate the thermocouple wires 
from each other. Two ?,U,T tubes, filled with mercury and 
buried in ice, served as the cold junction. The two 
thermocouple wires were inserted one in each ITU,f tube and 
the thermocouple extension lead wires were inserted in the
other leg of the ,!Uir tubes, and ran from there to the 
potentiometer. This arrangement eliminated the necessity 
of correcting for the cold junction, as the cold junction 
temperature was maintained constantly at zero degrees. 
Centigrade. The mercury offered excellent contact between 
the thermocouple wires and the extension leads. The 
complete wiring diagram is shown in Figure 2.
THERMOCOUPLE CALIBRATION
The Chrome1-Alumel thermocouple was calibrated 
against the freezing point of salt (800.1°C.), the 
freezing point of pure tin (251.9°C.), and the freezing 
point of pure antimony (650.5°C.). The millivolt readings 
corresponding to the freezing points of salt, tin and 
antimony were obtained from the cooling curves. A graph 
was then constructed, using the known temperatures as 
ordinates and the corresponding rniilivoltages as abscissas. 
The points thus plotted were connected, and the resulting 
curve was found to be a straight line, passing directly 
through the origin of the graph. This graph was then used 
in all subsequent experimental work for conversion of 
millivolts to temperature in degrees. Centigrade.
The millivoitage corresponding to a given break 
in any given cooling curve was read and located on the 
millivolt scale of the calibration chart. An ordinate was
4
then erected at this point to intersect the thermocouple 
calibration line. At the point of intersection of the 
ordinate and the calibration line, an abscissa was 
constructed to intersect the temperature scale of the 
calibration chart. This point of intersection then 
represented the temperature corresponding to the original 
millivoitage.
EXPERIMENTAL INVESTIGATION
After calibration of the thermocouple, 
experimental work was begun on the three binary alloy 
systems bounding the ternary system. Upon completion of 
the investigation of the binary alloy boundaries, the 
ternary system itself was investigated. Each sample used 
in this investigation weighed 200 grams. The furnace used 
for melting was well insulated against heat flow, to allow 
a temperature drop of 2 to 3 degrees per minute, after the 
power was shut off. In every case, the alloy in the 
crucible was kept under a charcoal cover to prevent 
oxidation.
The first binary alloy system investigated was 
that of lead and tin. As an example, let us consider the 
changes which take place during cooling, in alloy No. 4, 
containing thirty per cent lead and seventy per cent tin. 
Sixty grams of lead and 140 grams of tin were carefully
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weighed out, placed in a graphite crucible, and a covering 
of one half inch of charcoal was placed on top of this 
charge. The crucible was then placed in the furnace and 
heated until both the lead and the tin were molten, 
whereupon the melt was well stirred with a carbon rod. 
During the early stages of the experimental work, some 
oxidation of the molten metal was found to take place 
during the stirring operation. It was found, upon 
investigation, that the introduction of a cold carbon 
stirring rod to a molten charge of metal and charcoal, 
resulted in the adherence of a rather thick layer of 
charcoal to the surface of the rod. This charcoal layer 
mechanically trapped and held minute pellets of the molten 
alloy. Upon withdrawal of the stirring rod, these pellets 
of metal were oxidized and fell back into the melt in the 
crucible. When the melt became solid and was removed, from 
the crucible, these oxidized pellets were found in the 
form of shot on the surface of the alloy, and could be 
brushed off with the fingers, thus resulting in a decided 
weight loss in the alloy itself. This difficulty was 
overcome by pre-heating the stirring rod for a few seconds, 
and by removing it rather slowly from the molten alloy 
after stirring.
After stirring the molten alloy, the hot junction 
of the thermocouple was introduced into the melt, power to
the furnace was shut off, and the furnace Tsealed up.? As 
the temperature slowly dropped, the alloy cooling curve 
was recorded by the potentiometer. The temperature was 
allowed to fall to approximately 100°C., which is well 
below the temperature of the solidus for the binary alloy 
of lead and tin. Power to the furnace was then turned on 
and the alloy re-melted. The thermocouple was then removed 
and the alloy taken from the furnace and allowed to cool 
in air.
After the alloy had cooled to room temperature, a 
section was cut from it for metallographic examination.
This section was first ground on a coarse belt grinder, 
and then on a fine belt grinder. The specimen was then 
polished by hand on emery paper of grades Nos. 0, 00, and 
000, in that order, using kerosene as a lubricant. Final 
polishing was done on a felt covered, motor driven 
polishing wheel, using magnetic black rouge as a lubricant. 
After polishing the specimen, it was etched, examined 
microscopically, and then photographed.
A great deal of trouble was experienced in 
polishing alloys of high lead content, in both the binary 
and ternary alloy systems. Owing to their extreme softness 
they were very easily scratched and blistered during the 
polishing operations. In polishing these high lead alloys, 
the author was able to reduce the scratching and blistering
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to a minimum by using an extremely slow wheel speed during 
final polishing, and by keeping the felt well saturated 
with magnetic black rouge.
The experimental procedure just described was used 
throughout the investigation of all three binary alloy 
systems. The procedure used in investigating the ternary 
alloy system was identically the same as that used for the 
binary alloy systems, with the exception that the 
temperature was allowed to fall to approximately 75°C., 
during cooling of the alloy, in order to be well below 
the temperature of freezing of the ternary eutectic, which 
is around 96°G. Otherwise, the procedures are identical.
RESULTS AND CONCLUSIONS
It may be well to begin this discussion of results 
and conclusions by referring to the isothermal diagrams of 
the liquidus and solidus.
In a binary alloy, the liquidus and solidus are 
represented by lines, but with the introduction of a third 
metal, the diagrams enter the field of three dimensions 
and the liquidus and solidus must be represented by planes 
instead of lines.
As may be seen from the diagram, the liquidus 
consists of three warped surfaces, intersecting to form 
three valleys, which in turn intersect to form the ternary
8
eutectic point. The isothermals are lines connecting 
points of equal temperatures on these surfaces. A ten 
degree isothermal interval was used throughout the liquidus 
diagram.
The solidus, as seen from the diagram, may be 
considered as one plane, slightly warped, but comparatively 
level over the center portion of the diagram. However, 
this surface warps sharply upward near the binary alloy 
boundary systems to meet the solidus lines of the three 
binary alloys. The black isothermais in the ternary 
diagram represent ten degree intervals, while the red 
isothermals are drawn at one degree intervals.
At this point it may be well to consider the 
history of cooling of a typical ternary alloy.
Take, for example, any alloy in the area EDGE in 
Figure 5, such as X^. As the molten alloy slowly cools, 
no change takes place until it reaches the temperature 
represented by the point X-, on the liquidus. At this 
point, crystals of pure bismuth begin to separate out from 
the mother liquid, the relationship of lead and tin 
remaining constant. As the temperature falls, pure bismuth 
continues to separate along the line X^-Xg. At.Xg, bismuth 
and tin begin to crystallize together, but not as a 
eutectic. As the temperature falls, bismuth and tin 
continue to crystallize together along the line GE, until
9
the temperature reaches the point G, where the remaining 




DIAGRAM OF TERNARY ALLOYS SHOWING INTERSECTION 
LINES FORMED BY THE LIQUIDUS PLANES
At the present time, all available literature on 
this subject indicate the lines GE, FG and DG as being 
lines along which a binary eutectic freezes; that is, the 
binary eutectic of bismuth and tin freezes along the line 
EG, the binary eutectic of lead and tin freezes along the 
line FG, and the binary eutectic of lead and bismuth 
freezes along the line DG.
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In the opinion of the author, this is an 
erroneous idea. A close examination of all ternary alloy 
cooling curves obtained during this investigation fails to 
reveal any evidence of the freezing of a binary eutectic.
A definite break in the cooling curve can be noted which 
indicates the freezing out of two metal constitutents 
together, but absolutely no evidence that they are in the 
eutectic ratio, or that they freeze as a binary eutectic.
All the alloys obtained during this investigation 
were sectioned, polished, etched and examined 
metallographically. A close study of the photomicrographs 
included in this investigation also fails to reveal the 
presence of any binary eutectic in the ternary alloys.
Approaching this problem from the theoretical 
standpoint we again fail to find any evidence that a binary 
eutectic exists in the ternary alloys. The definition of 
a eutectic is that the eutectic alloy is the lowest melting 
alloy in a series. In addition, a eutectic alloy is one 
which freezes at a constant temperature, and not at a 
varying temperature. In Figure 3, the lines GE, FG and DG 
all represent a constantly decreasing temperature, and 
therefore, cannot possibly represent the freezing of a 
binary eutectic.
Therefore, in view of the cooling curves and 
photomicrographs obtained during this investigation, and
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after careful consideration of the definition of a eutectic, 
it is the opinion of the author that there is no binary 
eutectic in any of the ternary alloys, and that the lines 
GE, DG and FG represent the intersection of the liquidus 
planes, and not the crystallization of a binary eutectic.
Referring again to Figure 3, any alloy in the 
area BEG, such as X^, will have excess bismuth which will 
crystallize in the form of dendrites upon cooling. Bismuth 
will be precipitated out along the line Xj-Xg until the 
temperature Xg is reached. At this point, bismuth still 
continues to precipitate from the mother liquid, but in 
addition, tin also begins to precipitate out. Finally, the 
composition of the remaining liquid shifts along the line 
GE to the point G, where the remaining liquid freezes as 
the ternary eutectic.
Similarly, any alloy in the area BGD will, upon 
cooling, have excess bismuth precipitating out first, 
followed by bismuth and lead precipitating together but not 
as a binary eutectic, and finally the freezing of the 
ternary eutectic. Any alloy in the area CEG will, upon 
cooling, have excess tin precipitating out of solution 
first, followed by tin and bismuth precipitating together, 
but not as a binary eutectic, and finally the freezing of 
the ternary eutectic. Any alloy in the area CFG will, 
upon cooling, have excess tin precipitating out of solution
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first, followed by tin and lead precipitating together, 
but not as a binary eutectic, and finally the freezing of 
the ternary eutectic. Any alloy in the area AFG will, upon 
cooling, have excess lead precipitating out first, followed 
by lead and tin precipitating out together, but not as a 
binary eutectic, and finally the freezing of the ternary 
eutectic• Finally, any alloy in the area ADG will, upon 
cooling, have excess lead precipitating out first, followed 
by lead and bismuth precipitating together, but not as a 
binary eutectic, and finally the freezing of the ternary 
eutectic.
Any alloy of composition such that it lies 
directly on the line CG will, upon cooling, precipitate 
excess tin continuously along the line CG until the point 
G is reached, at which point the ternary eutectic will 
freeze. All lead and bismuth will be found in the ternary 
eutectic, and the alloy will consist of excess tin and 
ternary eutectic when solid. Similarly, any alloy of 
composition such that it lies directly on the line AG will, 
upon cooling, precipitate excess lead continuously along 
the line AG until the point G is reached, at which point 
the ternary eutectic will freeze. The bismuth and tin 
will be found in the ternary eutectic, and the alloy, when 
solid, will consist of dendrites of excess lead and 
ternary eutectic. In like manner, any alloy of composition
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such that it lies directly on the line BG will, upon 
cooling, precipitate excess bismuth continuously along the 
line BG until the point G is reached, at which point the 
ternary eutectic will freeze. The lead and tin will be 
found in the ternary eutectic, and the alloy will consist 
of dendrites of excess bismuth, and ternary eutectic, when 
solid.
Any alley of composition such that it lies 
directly on the line GE will, upon cooling, precipitate 
bismuth and tin together, continuously along the line GE, 
but not as a eutectic, until the point G is reached, where 
the remaining liquid freezes as the ternary eutectic. Any 
alloy of composition such that it lies directly on the line 
FG will, upon cooling, precipitate lead and tin together, 
continuously along the line FG, but not as a eutectic, 
until the point G is reached, at which point the ternary 
eutectic freezes. Similarly, any alloy of composition 
such that it lies directly on the line DG will, upon 
cooling, precipitate lead and bismuth together, 
continuously along the line DG, but not as a eutectic, 
until the point G is reached, where the remaining liquid 
freezes as the ternary eutectic.
This investigation has merely touched the surface 
of the vast and relatively unexplored field of ternary 
alloys. It is the opinion of the author that further
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research and development work in the field of ternary 
alloys will reveal vast numbers of alloys of commercial 
value which will permit of even greater strides in the 
field of practical as well as the field of physical 
metallurgy. It is the hope of the author that he may have 
an opportunity to further investigate this field at some 
future time. It is also hoped that this investigation 
will be of sufficient interest among research metallurgists 
to warrant their spending some time in a further 

















LIQUIDUS AND SOLIDUS TEMPERATURES FOR THE 
BINARY ALLOY OF LEAD AND TIN
Per cent Per cent Liquidus Solidus
Lead Tin Mv. Temp.°C. Mv. Temp.°C.
0 100 9.6 232 —— -
10 90 9.32 225 7.4 178
20 80 8.7 210 7.4 178
30 70 7.74 187 7.4 178
40 60 8.2 197 7.4 178
50 50 8.6 208 7.4 178
60 40 9.6 232 7.4 178
70 30 10.3 248 7.4 178
80 20 11.2 270 7.4 178
90 10 12.2 295 9.8 236
6.0 145
100 0 13.6 327


















LIQUIDUS AND SOLIDUS TEMPERATURES FOR THE
BINARY ALLOY OF LEAD AND BISMUTH
Per cent Per cent Liquidus Solidus
Lead Bismuth Mv. Temp.°C. Mv. Temp.°C.
0 100 11.1 268 ——— ———
10 90 10.15 245 5.16 124
20 80 9.3 224 5.2 125
30 70 7.6 183 5.2 125
40 60 5.8 140 5.2 125
50 50 5.6 135 5.1 122
60 40 7.0 168 5.1 122
70 30 8.7 210 7.6 183
80 20 10.8 260 7.6 183
90 10 12.6 303 11.4 275
75 25 9.8 236 7.6 183
65 35 7.6 183 5.6 135
4.0 96















LIQUIDUS AND SOLIDUS TEMPERATURES FOR THE 
BINARY ALLOY OF TIN AND BISMUTH
Per cent Per cent Liquidais Solidus
Tin Bismuth Mv. Temp. °C. Mv. Temp. °C.
10 90 9.4 227 5.6 135
20 80 8.2 198 5.6 135
30 70 6.9 166 5.6 135
40 60 5.8 140 5.6 135
50 50 6.1 148 5.6 135
60 40 7.0 168 5.6 135
70 30 7.7 185 5.6 135
80 20 8.3 200 5.6 135
90 10 9.0 217 5.6 135
43 57 5.6 135
18
TABLE IV










































































































































































LIQUIDUS, SOLIDUS AND BINARY METAL SEPARATION 
TEMPERATURES FOR THE TERNARY ALLOY LEAD-TIN-BISMUTH
Binary metal
Alloy Liquidus separation Solidus
No. Mv. Temp.°C. Mv. Temp.°C. Mv. Temp.°C.
33 10.8 260 5.2 125 4.3 104
54 9.4 227 4.5 109 4.4 106
35 9.8 236 5.9 142 4.1 99
36 7.48 180 4.12 100 4.0 97
37 8.3 200 5.2 125 3.96 96
38 8.9 215 6.2 150 4.0 97
39 6.06 147 4.12 100 4.1 99
40 6.5 157 4.8 116 4.06 98
41 7.3 176 5.6 135 4.0 97
42 7.96 191 6.4 155 4.0 97
43 4.62 112 4.5 109 4.2 101
44 5.1 123 4.5 108 4.04 98
45 5.8 140 5.2 125 4.08 99
46 6.48 156 5.8 140 4.0 97
47 7.0 169 6.6 159 4.0 97
48 5.5 133 4.24 102 4.2 101
49 4.22 102 4.1 99 4.0 97
50 4.98 120 4.3 104 4.08 99
51 6.0 145 4.95 119 4.1 99
52 6.88 166 5.7 138 4.0 97
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TABLE V (continued.)
LIQUIDUS, SOLIDUS AND BINARY METAL SEPARATION 
TEMPERATURES FOR THE TERNARY ALLOY LEAD-TIN-BISMUTH
Binary metal
Alloy Liquidus separation Solidus
No. Mv. Temp. °C. Mv. Temp.^C. Mv. Temp. °C.
53 7.56 178 6.5 157 4.0 97
54 6.6 159 4.12 100 4.0 97
55 5.0 121 4.4 107 5.94 96
56 4.96 120 4.4 107 5.94 96
57 6.0 145 4.24 102 3.9 95
58 6.8 164 4.24 102 4.08 99
59 7.36 178 5.0 120 4.1 99
60 7.82 189 6.2 149 4.0 97
61 8.0 195 4.48 108 4.0 97
62 6.6 159 4.84 117 4.0 97
63 5.1 123 4.94 119 4.0 97
64 5.9 142 4.7 114 4.0 97
65 6.5 157 4.7 114 5.96 96
66 7.2 174 4.48 108 4.0 97
67 7.8 188 4.2 101 4.08 99





F i g u r e  1 






















F i o u î r e :  A-
"Tv p i c av. Coot-tM <3 C u r v e . 
FOR A
B i m a r y  /Al l o y
J3 \ MARY M eITAL- 
ÔEFARAT ION
F t e u  R e: 5
Ty p ic a l  Coolitmg C u r v e :
FOR A














F x g u r e : 6
S c h e m a t i c  D i a g r a m  or



































F 1GU R-E. \ \
D l  AGR.ATVX OF t^OT HHLRt \̂PxV^>







No, 1- Pure tin, showing the grain boundaries formed by 
the meeting of several grains.
Etched with a two per cent alcoholic solution 
of nitric acid.
Magnification: 100 X
No. 2- Excess tin (light), embedded in eutectic of lead
and tin.
Etched with a two per cent alcoholic solution 
of nitric acid.
Magnification: 100 X
No. 3- Excess tin (light), embedded in a lead-tin
eutectic.
Etched with a two per cent alcoholic solution 
of nitric acid.
Magnification: 100 X
No. 4- Dendrites of excess tin (light), embedded in a
lead-tin eutectic.





No. 5- Shows structure near the eutectic of lead and tin, 
but on the excess lead side of the diagram.
Etched with a two per cent alcoholic solution 
of nitric acid.
Magnification: 100 X
No. 6- Dendrites of excess lead (light), embedded in
eutectic of lead and tin.
Etched with a two per cent alcoholic solution 
of nitric acid.
Magnification: 100 X
No. 7- Note dendritic structure. Dendrites are excess
lead (light), embedded in eutectic of lead and 
tin.
Etched with a two per cent alcoholic solution 
of nitric acid.
Magnification: 100 X
No. 8- Note definite increase in amount of excess
lead (light), embedded in lead-tin eutectic.






No, 9- Shows large excess of lead (light), embedded in 
fine grained lead-tin eutectic.
Etched with a two per cent alcoholic solution 
of nitric acid.
Magnification: 100 X
No. 10- Shows evidence of first forming a solid solution 
of tin in lead, followed subsequently by the 
rejection from solution of excess tin, as the 
temperature dropped below the point where the 
lead could hold the tin in solution. Small dark 
areas are fine*grained eutectic of lead and tin.
Etched with a two per cent alcoholic solution 
of nitric acid.
Magnification: 100 X
No. 11- Pure lead. Note twinning.
Etched with a mixture of glacial acetic acid 
and hydrogen peroxide.
Magnification: 100 X
No. 12- Pure bismuth.










13- Excess bismuth, together with small amount of 
lead-bismuth eutectic.
Etched with a mixture of nitric acid and 
chromic acid.
Magnification: 100 X
14“ Crystals of excess bismuth with lead-bismuth 
eutectic.
Etched with a mixture of nitric acid and 
chromic acid.
Magnification: 100 X
15- Structure obtained in alloy of thirty per cent 
lead and seventy per cent bismuth.
Etched with a mixture of nitric acid and 
chromic acid.
Magnification: 100 X
16- Structure near eutectic of lead and bismuth but 
on the excess bismuth side of the diagram. Note 
clear-cut pattern of binary eutectic.










17- Structure near the eutectic of lead and bismuth 
but on the excess lead side of the eutectic.
Etched with a mixture of nitric acid and 
chromic acid.
Magnification: 100 X
18- Excess lead (light), embedded in lead-bismuth 
eutectic.
Etched with a mixture of nitric acid and 
chromic acid.
Magnification: 100 X
19- Gamma solid solution of bismuth in lead.
Etched with a mixture of nitric acid and 
chromic acid.
Magnification: 100 X
20- Beta solid solution of bismuth in lead.





No. 21- Alpha solid solution of bismuth in lead.
Etched with a mixture of glacial acetic acid 
and hydrogen peroxide.
Magnification: 100 X
No. 22- This alloy shows a structure very similar to that 
of photomicrograph No. IS, namely, gamma solid 
solution of bismuth in lead.
Etched with a mixture of nitric acid and 
chromic acid.
Magnification: 100 X
No. 23- This alloy shows a structure similar to that of 
photomicrograph No. 18. It shows excess 
lead (light), embedded in lead-bismuth eutectic. 
Etched with a mixture of nitric acid and. 
chromic acid.
Magnification: 100 X
No. 24- Excess bismuth (light), embedded in a fine 
grained tin-bismuth eutectic.






No. 25- Primary crystals of bismuth (light), embedded in 
eutectic of tin and bismuth. The eutectic 
structure has been partially destroyed by the 
violent action of the etching reagent.
Etched with a mixture of nitric acid and 
chromic acid.
Magnification: 100 X
No. 26- Primary crystals of bismuth (light), embedded in 
eutectic of tin and bismuth. The eutectic 
structure has been destroyed by the violent 
action of the etching reagent.
Etched with a mixture of nitric acid and 
chromic acid.
Magnification: 100 X
No. 27“ Structure close to the eutectic of tin and bismuth 
but on the bismuth-rich side.
Etched with dilute nitric acid.
Magnification: 100 X
No. 28- Dendrites of excess tin (dark), embedded in 
eutectic of tin and bismuth. Note definite 
fine-grain eutectic structure.









29- Excess tin (dark), embedded in eutectic of tin 
and bismuth.
Etched with dilute nitric acid.
Magnification: 100 X
30- Dendrites of excess tin (dark), embedded in a 
eutectic of tin and bismuth.
Etched with dilute nitric acid.
Magnification: 100 X
31- Excess tin together with light areas of a 
eutectic of tin and bismuth.
Etched with dilute nitric acid.
Magnification: 100 X
32- Excess tin (dark), together with a small quantity 
of eutectic of tin and bismuth.





No. 55- Large crystals of excess lead precipitated first
followed by lead and tin precipitating together, 
and finally by the freezing of ternary eutectic. 
Light areas probably represent ternary eutectic, 
and also the lead and tin which precipitated 
together, the two structures masking each other.
Etched with dilute nitric acid.
Magnification: 100 X
No. 54- Dendrites of excess lead (dark), embedded in a
fine grained ground mass of lead-tin binary metal
precipitate, and ternary eutectic.
Etched with dilute nitric acid.
Magnification: 100 X
No. 35- Excess lead (dark), together with ternary
eutectic (light), and lead and tin (light) which 
precipitated together, the two structures 
masking one another.
Etched with dilute nitric acid.
Magnification: 100 X
No. 36- Excess lead (dark), embedded in ternary eutectic, 
and lead-tin binary metal precipitate.





No. 57- Dendrites of excess lead (dark), together with 
lead-tin binary metal precipitate and ternary 
eutectic.
Etched with dilute nitric acid.
Magnification: 100 X
No. 58- Dendrites of excess lead (dark), embedded in 
ternary eutectic (light), and lead-tin binary 
metal precipitate (light). The latter two 
structures again mask each other.
Etched with dilute nitric acid.
Magnification: 100 X
No. 59- Probably the light areas represent excess lead, 
and the darker areas are ternary eutectic and 
lead-bismuth binary metal precipitate.
Etched with dilute nitric acid.
Magnification: 100 X
No. 40- Dendrites and nstars” of excess lead (dark)
embedded in a fine grain ground mass of ternary 
eutectic, and lead-tin binary metal precipitate, 





No. 41- Dendrites of excess lead (dark), with lead-tin 
binary metal precipitate and ternary eutectic.
Etched with dilute nitric acid.
Magnification: 100 X
No. 42- Dendrites of excess lead (dark), embedded in 
ternary eutectic, and lead-tin binary metal 
precipitate. The latter two structures are again 
masking one another.
Etched with dilute nitric acid.
Magnification: 100 X
No. 45- This alloy is very near the ternary eutectic 
point, and the lead-bismuth binary metal 
separation valley. It shows the fine grain 
structure so typical of a near-eutectic alloy.
Etched with dilute nitric acid. 
Magnification: 100 X
No. 44- This alloy lies near the lead-tin binary metal
separation valley, and exhibits the same general 
type of structure as that shown in the 
photomicrographs 45, 46 and 47. The small amount 
of dark material is probably excess lead.




No. 45- This alloy lies very close to the lead-tin binary 
metal separation valley, and shows a structure 
very similar to that of photomicrographs 46 and 
47.
Etched with dilute nitric acid. 
Magnification: 100 X
No. 46- Alloy near the lead-tin binary metal separation 
valley, showing a structure very similar to that 
of photomicrograph No. 47.
Etched with dilute nitric acid. 
Magnification: 100 X
No. 47- Structure obtained close to the lead-tin binary 
metal separation valley. Excess lead (dark), 
embedded in lead-tin binary metal precipitate 
which is gray, and light areas of ternary eutectic.
Etched with dilute nitric acid.
Magnification: 100 X
No. 48- Excess bismuth (light), together with a binary
metal precipitate of lead and bismuth, and ternary 
eutectic.








49- This alloy also lies very near the ternary 
eutectic composition, the tin-bismuth binary metal 
separation valley, and the lead-tin binary metal 
separation valley. It also shows the fine grain 
structure indicative of a eutectic or a 
near-eutectic alloy. Small black areas are 
probably excess tin.
Etched with dilute nitric acid.
Magnification: 100 X
50- Dendrites of excess tin (dark), together with 
ternary eutectic and lead-tin binary metal.
Etched with dilute nitric acid.
Magnification: 100 X
51- Dendrites of excess tin (dark), together with 
lead-tin binary metal, and ternary eutectic.
Etched with dilute nitric acid.
Magnification: 100 X
52- Dendrites of excess tin (dark), together with 
lead-tin binary metal, and ternary eutectic.





No. 53- Dendrites of excess tin (dark), embedded in a fine 
grain ground mass which represents both ternary 
eutectic and lead-tin binary metal precipitate.
Etched with dilute nitric acid.
Magnification: 100 X
No. 54- This alloy lies directly on the ridge between the 
tin-bismuth and the lead-bismuth binary metal 
separation valleys. Theoretically, the 
constitutents are excess bismuth (light), and the 
fine grain ternary eutectic.
Etched with dilute nitric acid.
Magnification: 100 X
No, 55- This alloy lies near the binary metal separation 
valley of bismuth and tin, and also near the 
ternary eutectic point. It exhibits the typical 
fine grain structure of a near-eutectic alloy.
Etched with dilute nitric acid.
Magnification: 100 X
No. 56- Dendrites of excess tin (dark), together with 
tin-bismuth binary metal and ternary eutectic.





No, 57- Dendrites of excess tin (dark), together with a
fine grain ground mass of tin-bismuth binary metal 
precipitate and ternary eutectic.
Etched with dilute nitric acid.
Magnification: 100 X
No. 58- Dendrites of excess tin (dark), embedded in 
ternary eutectic and lead-tin binary metal.
Etched with dilute nitric acid.
Magnification: 100 X
No, 59- Dendrites of excess tin (dark), embedded in a 
fine grain ground mass which represents the 
lead-tin binary metal precipitate and also the 
ternary eutectic.
Etched with dilute nitric acid.
Magnification: 100 X
No, 60- Dendrites of excess tin (dark), embedded in 
ternary eutectic and lead-tin binary metal 
precipitate. The latter two structures are once 
again masking one another.





No. 61- !1 Pyramid” crystals of bismuth, together with
tin-bismuth binary metal and ternary eutectic. 
The small dark dendrites are probably due to 
segregation.
Etched with dilute nitric acid.
Magnification: 100 X
No. 62- Excess bismuth together with darker areas of
tin-bismuth binary metal and ternary eutectic. 
Etched with dilute nitric acid.
Magnification: 100 X
No. 63- This alloy lies very close to the tin-bismuth 
binary metal separation valley, and has slight 
excess of bismuth represented by the extremely 
dark areas, together with tin-bismuth binary 
metal, and ternary eutectic.
Etched with dilute nitric acid.
Magnification: 100 X
No, 64- Dendrites of excess tin (black), together with 
tin-bismuth binary metal and ternary eutectic. 





No, 65- Dendrites of excess tin (dark), together with 
tin-bismuth binary metal (gray), and ternary 
eutectic.
Etched with dilute nitric acid.
Magnification: 100 X
No. 66- Large dark masses of excess tin, together with 
ternary eutectic and tin-bismuth binary metal 
precipitate.
Etched with dilute nitric acid.
Magnification: 100 X
No. 67- Large masses of excess tin together with small
amount of the tin-bismuth binary metal precipitate 
and ternary eutectic.
Etched with dilute nitric acid.
Magnification: 100 X
No. 68- Large masses of excess tin (dark), with small
quantity of lighter material which represents both 
ternary eutectic and lead-tin binary metal, the 
two structures masking one another.





No* 69- Alloy of ten per cent tin and ninety per cent 
lead, quenched in iced brine from £QO°C. The 
large masses of fine grain material represent a 
solid solution of tin in lead. The black areas 
are probably excess lead which segregated.
Etched with dilute nitric acid.
Magnification: 100 X
No. 70- Alloy of twenty-five per cent bismuth and
seventy-five per cent lead, quenched in iced 
brine from a temperature of 183°C.> which is on 
the line of the peritectic reaction.
Etched with dilute nitric acid.
Magnification: 100 X
No. 71- Alloy of thirty per cent bismuth and seventy
per cent lead, quenched in iced brine from 183°C., 
which is exactly on the peritectic point.
Etched with dilute nitric acid.
Magnification: 100 X
No. 72- Alloy of thirty-five per cent bismuth and
sixty-five per cent lead, quenched in iced brine 
from a temperature of 120°C., which is in the 
gamma solid solution area.









E-l Lead-tin binary eutectic showing extremely fine 
grain structure.
Etched with dilute nitric acid.
Magnification: 100 X
E-2 Lead-bismuth binary eutectic. Note the fine 
grain structure.
Etched with dilute nitric acid.
Magnification: 100 X
E-3 Tin-bismuth binary eutectic. Again, note the 
fine grain structure.
Etched with dilute nitric acid.
Magnification: 100 X
E-4 Ternary eutectic of lead-tin-bismuth, showing 
typical fine grain structure.




The author wishes to call attention to the fact 
that his analysis of the constitutents present in these 
photomicrographs represents solely his own conclusions.
The analysis given was arrived at through a process of 
logical reasoning; a close comparison of the alloy 
structures with their location on the schematic diagram of 
alloy distribution; and by a visual examination of the alloy 
structures at magnifications as high as 1000 diameters.
However, it is the opinion of the author that no 
iron-clad statement can be made as to the constitutents 
present in the ternary alloys, without the benefit of a 
great deal of additional research work.
For example, the author wishes to suggest that 
the structures shown in photomicrographs 34, 37 and 41 
may be the result of an extension into the ternary field, 
of the peritectic reaction occurring in the lead-bismuth 
binary alloys containing between twenty per cent bismuth 
and thirty-five per cent bismuth. The dendrites of dark 
material would be excess lead which precipitated first.
The gray areas, surrounding these dendrites, have the 
appearance of a reaction rim, which would indicate that 
the dendrites of lead first formed had reacted with the 
remaining liquid (peritectic reaction) to give the gray 
areas of peritectic material. This is only one of several
72
examples in which a different analysis of these alloy 
structures could be made.
Therefore, it is the opinion of the author, as 
previously stated, that a great deal of additional research 
work, possibly involving X-Ray analysis, must be undertaken 
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